ABSTRACT: Early nutrition in animals affects both behavior and brain structure. In humans, randomized trials show that early nutrition affects later cognition, notably in males. We hypothesized that early nutrition also influences brain structure, measurable using magnetic resonance imaging. Prior research suggested that the caudate nucleus may be especially vulnerable to early environment and that its size relates to IQ. To test the hypothesis that the caudate nucleus could be a neural substrate for cognitive effects of early nutrition, we compared two groups of adolescents, assigned a Standard-or High-nutrient diet in the postnatal weeks after preterm birth. Groups had similar birth status and neonatal course. Scans and IQ data were obtained from 76 adolescents and volumes of several subcortical structures were calculated. The High-nutrient group had significantly larger caudate volumes and higher Verbal IQ (VIQ). Caudate volumes correlated significantly with VIQ in the Standardnutrient group only. Caudate volume was influenced by early nutrition and related selectively to VIQ in males, but not in females. Our findings may partly explain the effects of early diet on cognition and the predominant effects in males. They are among the first to show that human brain structure can be influenced by early nutrition.
N
umerous studies in animals demonstrate that suboptimal nutrition in early life, particularly during rapid brain growth, can permanently affect behavior (1, 2) . Many studies linking early undernutrition in children to long-term reduction in cognitive performance suggested that sensitivity to early nutrition also exists in humans (3, 4) . Most were conducted in the developing world where the potentially confounding association in humans between malnutrition, poor social circumstances and lack of stimulation made causation difficult to establish. Recently, however, randomized intervention trials carried out in the developing and developed world have confirmed the sensitivity of the developing human brain to nutrition, as demonstrated by long-term effects on cognition (5) (6) (7) . This sensitivity appears to be part of a more general process of "programming," "the concept that a stimulus or insult, when applied at a critical or sensitive period, may have a long-term or life-time effect on the structure or function of the organism" (8) . Nutrition emerges as an important programming trigger, affecting a range of outcomes relevant to long-term health, in addition to long-term brain development.
In humans, the "brain growth spurt" begins around 3 mo before term, lasting approximately 2 y (9). We have explored the sensitivity of the human brain to nutritional intervention during this potentially critical period, by randomly assigning infants to different diets. The first such study was in infants born preterm. The period between preterm birth and term marks the beginning of the brain growth spurt. Since the preterm infant is ex-utero during this period, we might expect that environmental influences, including nutrition, would be particularly relevant to their neural development.
In the original study, infants were randomly assigned to a Standard-nutrient diet (term formula or banked donor breast milk) versus a High-nutrient formula designed to meet the increased needs of this population by fuelling more rapid somatic and brain growth (10) . Follow-up of two arms of this cohort at 18 mo and 7.5-8 y (11) confirmed that early nutrition had a long-term impact on cognitive performance. As in animals, the major effect of early nutrition on cognition was seen in males. There was also a selective effect on Verbal IQ (VIQ) versus Performance IQ (PIQ). Thus, VIQ was 12 points higher in males fed the High nutrient versus the Standardnutrient formula. Studies on the neural basis for such nutritional effects need to explain both the gender effect and the specificity of cognitive outcome.
The purpose of the present report was to use new imaging techniques to explore a potential structural basis for the cog-nitive effects of nutrition in humans. We hypothesized that the impact of nutrition on the brain might be both at a cortical and subcortical level. Our rationale for studying the latter aspect is recent evidence that the caudate nucleus may be particularly sensitive to environmental influences in the earliest part of the brain growth spurt, and may form an important part of the neural basis for cognitive performance. Thus, in a cohort of 7 y olds born preterm, Abernethy et al. (12) used magnetic resonance imaging (MRI) to measured volumes of the hippocampus and caudate nucleus, two structures susceptible to injury in preterm infants; the volume of the caudate nucleus, but not the hippocampus, was significantly related to IQ. They postulated that early postnatal nutritional insufficiency in preterm infants might impair the development of this structure, with important consequences for cognition, but lacked the data to test this hypothesis.
We, and others, have studied regional brain structure, and its cognitive correlates, using voxel-based morphometry and volumetrics to analyze MRI scans (13) (14) (15) (16) . Based on previous work, we formulated the generic hypothesis that the early nutritional impact on later IQ is related to selective growth restriction of specific brain structures, detectable at long-term follow-up. Our specific primary hypothesis here, rooted in the findings of Abernethy et al. (12) , was that growth restriction of the caudate nucleus might, at least in part, provide a potential mechanism for the observed nutritional effects on IQ. Like Abernethy et al., we focused on the volumes of the caudate nucleus and hippocampus, but included measures of other subcortical gray matter structures to examine specificity. We planned to conduct explanatory analyses to explore gender differences, because of the earlier cognitive findings. Brain imaging was uncommon when our 7.5 to 8-y follow-ups took place, but we were able to collect scans and cognitive data at adolescence. We are not aware of any comparable experimental neuroimaging study that would permit the underlying hypothesis here to be tested.
SUBJECTS AND METHODS
Subjects. MRI scans and IQ data were obtained from 76 preterm children who were randomly assigned, in the original study, to one of two diet types. The Standard-nutrient group (n ϭ 38) received either unsupplemented donated banked breast milk or a standard term formula, both suitable for healthy term infants and used widely for infants born preterm in the 1980s. The High-nutrient diet (n ϭ 38) was formulated to meet the increased macronutrient and micronutrient needs of this population. The diets differed considerably in protein/energy content (Standard-nutrient: 1.45g protein, 68 kcal/dL milk; High-nutrient: 2.0 g protein, 80 kcal/dL milk). Full diet composition data and randomization details are reported elsewhere (11) .
Mean age at assessment was 15 y 9 m (range, 13 y 3 m to 19 y 4 m) and 16 y 0 m (range, 13 y 6 m to 19 y 6 m) in the Standard-and High-nutrient groups, respectively; the male:female ratios were 18:20 and 20:18. All children had been judged neurologically normal based on history and examination at age 7.5-8 y. Neurologic reexamination was not carried out in the present study, but all children were attending mainstream school.
We also collected IQ data and MRI scans from 16 (8 M; 8 F) children born full-term (age range, 10 -18 y). They do not represent a control group, but we present data for this small group where information about full-term subjects is relevant.
Ethics (18) were given (to 69 and 7 children, respectively). VIQ and PIQ scores were calculated (population mean ϭ 100, SD ϭ 15). All tests were administered by one individual, blind to group membership.
MRI acquisition. MRI studies were performed using a 1.5T Siemens Vision system. In addition to conventional multi-slice imaging, investigations included magnetization prepared rapid acquisition gradient echo (MPRAGE 3-D) (19) MRI analysis. We used a technique developed by Fischl et al. (20) to obtain volumes for total brain and a series of subcortical gray matter structures, including the caudate nuclei and hippocampi. This involves whole brain segmentation and automated labeling of the neuroanatomical structures, using T1-weighted images, and is based on probabilistic information estimated from a manually labeled training set. The data were labeled from an atlas created from 11 children, aged 9 -11 y (Fig. 1) .
Statistics. Group characteristics were compared using t tests. When diet was analyzed in relation to IQ, birth weight and gestational age were used as covariates. Age at scan was used as a covariate when analyzing scan-derived data. Total brain volumes were compared using analysis of covariance (ANCOVA), controlling for age at scan, birth weight, and gestational age. For all other neural volumes, total brain volume was used as an additional covariate. Exploratory analyses of gender effects used ANOVA. Results with significance levels of p Յ 0.05 (two-tailed tests) are reported; for information, results significant at a trend level, defined as 0.05 Ͻ p Ͻ 0.10, are also reported.
RESULTS

Comparison of group characteristics.
Comparisons of the two diet groups on a series of birth status and social characteristics (Table 1 ) showed significant differences only in birth weight (p Ͻ 0.04) and gestational age (p Ͻ 0.05) with the Standard-nutrient group lighter and slightly less mature at birth. To adjust for any possible confounding, we covaried these variables in data analyses, in addition to age at scan and total brain volume when appropriate. The groups did not differ on variables describing the neonatal course.
Conventional neurologic assessment of MRI scans obtained at adolescence is summarized in Table 2 . The majority of scans were reported to be normal with comparable distributions of reported abnormalities in each group. Relationship between diet and IQ. At adolescence, the High-nutrient group had significantly higher VIQ than the Standard-nutrient group with no significant difference in PIQ (Table 3) .
Relationships between diet and neural volumes. Volumes for total brain, total cortical gray matter, and subcortical structures are presented in Table 4 ; diet was significantly related to caudate volume only (ANOVA), the High-nutrient diet resulting in significantly larger caudate nuclei bilaterally. Although there were no significant differences between the groups for other structures, in every case the mean for the High-nutrient group was higher. For the remaining analyses, we present data only for the caudate nucleus and hippocampus.
Correlations between neural volumes and IQ. Table 5 shows the correlation coefficients between neural volumes and IQ scores, with relevant variables partialled out. For the whole group, neither IQ measure was significantly related to total brain volume or to either hippocampus. Both caudate nuclei, however, showed strong relationships with VIQ but no significant relationship with PIQ. Figure 2A shows the scatterplot of VIQ scores in relation to left caudate volume (right caudate shows a similar pattern). Table 5 also shows the results for each of the diet groups separately. VIQ, but not PIQ, correlated significantly with bilateral caudate volumes in the Standard-nutrient group. Although the correlation with VIQ was higher than that for PIQ in the High-nutrient group, neither value reached significance. Neither total brain nor hippocampal volume was related to IQ scores in either the Standard-or High-nutrient groups. Scatterplots for the two diet groups separately are shown in Fig.  2B , C.
Full-term subjects. Mean caudate volumes for the full-term group were: Left, 4001 mm 3 and Right, 4175 mm 3 . Correlations between VIQ, PIQ, and caudate volumes were not significant, though sample size (n ϭ 16) was small.
Exploratory analyses-the impact of gender. Since gender had previously proved an important factor in cognitive outcome in this cohort, we carried out exploratory analyses examining its effect.
Relationship between diet and IQ. Although diet affected VIQ selectively for the group as a whole, the VIQ difference between the two diet groups was not significant for either boys or girls, except at trend level (boys: Ͻ0.09; girls: Ͻ0.06; see Table 3 ). This was probably because of decreased group size since the absolute values were similar to those in the whole group analysis. Although not significant, in both cases, the Highnutrient diet was associated with higher VIQ. There was no relationship between diet and PIQ in either gender.
Relationships between diet and neural volumes. There were no differences between diet groups in total brain volume or left and right hippocampal volumes for boys or girls. In boys, early diet was associated with large differences in the volume of the caudate nuclei at adolescence; the High-nutrient group mean volume was significantly higher for both left (p Ͻ 0.002) and right (p Ͻ 0.001) caudate nuclei, co-varying total brain volume (Table 6 ). There were no differences in caudate volumes between diet groups in girls. To corroborate this, we carried out ANCOVA for left and right caudate nuclei, with gender and diet group as main effects. In both cases, there was a significant interaction between gender and group (left caudate: F ϭ 3.0; p Ͻ 0.05; right caudate: F ϭ 5.7; p Ͻ 0.02). Correlations between neural volumes and IQ. As Table 7 shows, VIQ was significantly related to left (p Ͻ 0.04) and right (p Ͻ 0.05) caudate volumes in boys but PIQ was not. In girls, caudate volumes were not significantly related to either IQ measure. There were no significant relationships between total brain and hippocampal volumes and VIQ or PIQ in either gender.
DISCUSSION
It is important to emphasize that while our sample of children was drawn from the original cohort, the present investigation should be regarded essentially as an imaging study and not a follow-up. The sample was restricted to children with a gestational age of 30 wk or less who had normal findings on neurologic examination at 7.5-8 y, the latter because of implications for MRI interpretation. We collected MRI data from 34% of the total number meeting the criteria in the Standard-nutrient group and 32% in the Highnutrient group. The numbers seen were limited by issues such as feasibility of travel to the hospital rather than by losses to follow-up in the usual sense. Generalizing to the whole cohort under these conditions would be inappropriate, but this was not the focus of the study. Our prime interest was in demonstrating that early nutrition could affect brain structure, so it was crucial to ensure that no major differences existed between the groups, other than diet, that could explain the imaging findings. Results presented above show that the two study groups did not differ on a series of critical variables.
Only partial data are available in some cases since, in the early 1980s, ultrasound was not routine in the United Kingdom.
For the group as a whole, differences in early diet were associated with significant differences in VIQ but not PIQ at adolescence. Our hypothesis that the caudate nucleus might be, at least in part, the neural substrate for such effects was based on the striking correlation between caudate volume and IQ reported by Abernethy et al. (12) . Supporting this hypothesis, our experimental intervention was associated with larger left and right caudate volumes in those fed the High-nutrient diet, with no volume differences in other neural structures that we measured. Total cortical gray matter did not differ significantly between diet groups. Caudate volumes in our group correlated with VIQ, but not PIQ. Taken together, we suggest that the selective pattern of cognitive effects of early diet described here and previously (11) could, at least in part, be explained by differences in caudate volumes, programmed by early diet.
Abernethy et al. (12) did not find the selective relationship between caudate volume and VIQ reported here. In their study, caudate volumes showed significant correlations with VIQ, PIQ, and Full Scale IQ. When brain volume was corrected, only the PIQ effect remained. Variations in experimental procedure might explain this difference. For example, we measured IQ using full-form, rather than short-form IQ tests, so that our IQ estimates reflected a wider range of abilities; some abilities, not assessed by the short-form, might have influenced the correlations. Age at test was approximately 7 y versus approximately 15 y. Different methods for measuring neural volumes were used in the two studies and, in addition, total brain volume was estimated from head circumference by Abernethy et al. (12) but was measured in our study. It is worth noting that several studies report that VIQ seems to be particularly influenced by nutrition. In addition to the findings of Lucas et al. (11) , other studies have shown that breastfeeding duration influences VIQ, but not PIQ (21), while term small-for-gestational age children have reduced VIQ scores compared with term appropriate-for-gestational age children (22) . The most important point, however, is that two separate studies have shown relationships between caudate volume and IQ in those born preterm.
The literature provides little information about the relationships between caudate volumes and IQ. Studies examining the neural bases of intelligence have identified a wide array of structures showing varying degrees of relationship to measured IQ (23, 24) but the findings, usually based on magnetic resonance scans of normal adults, may not be pertinent to former preterms who frequently show altered brain development (25) (26) (27) . One important difference involves the caudate nucleus itself, a vulnerable structure in preterm infants. The caudate nuclei are located close to the germinal matrix, a temporary structure involved in cell production during neural development, still extant at the time of preterm birth (28, 29) . The germinal matrix is a highly vascular structure, containing thin-walled blood vessels, and is prone to hemorrhage, increasing the risk of damage to the caudate in this population of infants who frequently show later neurodevelopmental problems. The germinal matrix disappears by full-term, making the caudate nucleus less vulnerable in infants born at term. It is possible, therefore, that the relationships between caudate volumes and IQ are specific to the stage of brain development represented in the preterm groups. Interestingly, in the small group of 16 full-term infants, there was no significant relationship between caudate volumes and IQ scores, though a larger sample would be required to confirm this. Importantly, the selectivity of our caudate findings suggests that caudate volume is not simply a general marker of preterm vulnerability to adverse influences on neurodevelopment.
Of course, the correlations between caudate volumes and overall level of intellectual ability do not preclude meaningful relationships with other neural structures not assessed here. Indeed, it would be surprising if such a diffuse ability was associated with one neural structure in particular. Neither are we suggesting that the structural effects we observe are the only changes in the brain associated with nutrition; plausible structural changes such as regional or general synaptogenesis may require different measurement techniques. The initial correlations between neural volumes and IQ scores included all 76 members of the total group. As Figure  2 shows, it does not appear that the significant correlations were caused by the presence of extreme cases. Nevertheless, on examining the relationships within each of the diet groups separately, the correlation between VIQ and caudate volume was significant only in the Standard-nutrient group. An indication of why this might occur came from a comparison with the small group of full-term children. This revealed highly significant differences for left and right caudate volumes between the Standard-nutrient group and full-terms (both: p Ͻ 0.01) but no significant differences for the High-nutrient group. The High-nutrient diet seems to have "normalized" caudate volumes in this group of preterms and, like the full-terms, they no longer show a correlation between volume and IQ. It may be that the high-nutrient diet allows the caudate to grow to its full potential. Nutritional impairment, in the form of a lower-nutrient diet, on the other hand, does not facilitate this process and the final size attained continues to be related to cognition. This is speculative, needing systematic study.
In animal studies, the effect of early nutrition on later learning and behavior is predominantly in males (1); in our previous follow-up of the current cohort at 7.5-8 y the cognitive effect was also predominantly in boys (11) . The effect of diet on IQ was still selective to VIQ in our group, but this did not reach significance in either gender, perhaps because of decreased statistical power. Diet affected caudate volumes in males only and it was the boys who showed significant correlations between caudate volume and VIQ, suggesting that different relationships exist between brain structures and cognition in males and females. This is consistent with a large literature describing gender differences in brain development and structure (30 -32) and in the relationship between brain structure and cognition (33) (34) (35) . Our results suggest that the male and female brain at the earliest stage in the brain growth spurt may be differentially susceptible to environmental influences such as nutrition.
It may seem surprising that only 4 wk dietary exposure could lead to persistent brain changes. The participants in the present study, however, were born at the beginning of the chief growth spurt in the human brain, a "sensitive" period when it is particularly vulnerable to environmental influence. There have been many instances, in both animals and humans, of early experience altering life-long behavior (36, 37) . Although behavior has been the focus here, Knudsen (38) points out that sensitive periods are actually a property of neural activity. It is consistent, therefore, that the effects of diet on cognition should also be seen at a structural level, as we have demonstrated. The growth spurt lasts for approximately 2 y longer, and further research is needed to test whether dietary intervention later in this period would have similar effects.
The original demonstration that diet in the immediate postnatal period could affect subsequent cognition throughout childhood (11) had clear scientific and public health implications. We now see that effects persist into adolescence, suggesting that they may be permanent. However, our main focus here was to explore, in a study with carefully matched groups, the impact of diet on brain structures that could underlie the cognitive effects. The caudate nucleus emerges as one plausible candidate, at least in those born at the earliest stage of the critical brain growth spurt. The fact that early nutrition may program the development of specific brain structures is of fundamental biologic importance. Although studies are beginning to appear that link aspects of current diet to brain function (39, 40) , the data presented here are among the first to show that the structure of the brain can be influenced by early nutrition in humans. 
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